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m
Frankfurt Institute for Advanced Studies FIAS, Frankfurt 60438, Germany
n
Institute of Physics, Bhubaneswar 751005, India
o
Indian Institute of Technology, Mumbai 400076, India
p
Indiana University, Bloomington, IN 47408, USA
q
Alikhanov Institute for Theoretical and Experimental Physics, Moscow 117218, Russia
r
University of Jammu, Jammu 180001, India
s
Joint Institute for Nuclear Research, Dubna, 141 980, Russia
t
Kent State University, Kent, OH 44242, USA
u
University of Kentucky, Lexington, KY, 40506-0055, USA
v
Korea Institute of Science and Technology Information, Daejeon 305-701, Republic of Korea
w
Institute of Modern Physics, Lanzhou 730000, China
x
Lawrence Berkeley National Laboratory, Berkeley, CA 94720, USA
y
Massachusetts Institute of Technology, Cambridge, MA 02139-4307, USA
z
Max-Planck-Institut fur Physik, Munich 80805, Germany
aa
Michigan State University, East Lansing, MI 48824, USA
ab
Moscow Engineering Physics Institute, Moscow 115409, Russia
ac
National Institute of Science Education and Research, Bhubaneswar 751005, India
ad
Ohio State University, Columbus, OH 43210, USA
ae
Institute of Nuclear Physics PAN, Cracow 31-342, Poland
af
Panjab University, Chandigarh 160014, India
ag
Pennsylvania State University, University Park, PA 16802, USA
ah
Institute of High Energy Physics, Protvino 142281, Russia
ai
Purdue University, West Lafayette, IN 47907, USA
aj
Pusan National University, Pusan 609735, Republic of Korea
ak
University of Rajasthan, Jaipur 302004, India
al
Rice University, Houston, TX 77251, USA
am
University of Science and Technology of China, Hefei 230026, China
an
Shandong University, Jinan, Shandong 250100, China
ao
Shanghai Institute of Applied Physics, Shanghai 201800, China
ap
SUBATECH, Nantes 44307, France
aq
Temple University, Philadelphia, PA 19122, USA
ar
Texas A&M University, College Station, TX 77843, USA
as
University of Texas, Austin, TX 78712, USA
at
University of Houston, Houston, TX 77204, USA
au
Tsinghua University, Beijing 100084, China
av
United States Naval Academy, Annapolis, MD, 21402, USA
b
c

STAR Collaboration / Physics Letters B 743 (2015) 333–339

335

aw

Valparaiso University, Valparaiso, IN 46383, USA
Variable Energy Cyclotron Centre, Kolkata 700064, India
ay
Warsaw University of Technology, Warsaw 00-661, Poland
az
Wayne State University, Detroit, MI 48201, USA
ba
World Laboratory for Cosmology and Particle Physics (WLCAPP), Cairo 11571, Egypt
bb
Yale University, New Haven, CT 06520, USA
bc
University of Zagreb, Zagreb, HR-10002, Croatia
ax

a r t i c l e

i n f o

Article history:
Received 29 December 2014
Received in revised form 24 February 2015
Accepted 26 February 2015
Available online 3 March 2015
Editor: V. Metag

a b s t r a c t
√

Dihadron correlations are analyzed in sNN = 200 GeV d + Au collisions classiﬁed by forward charged
particle multiplicity and zero-degree neutral energy in the Au-beam direction. It is found that the jetlike
correlated yield increases with the event multiplicity. After taking into account this dependence, the
non-jet contribution on the away side is minimal, leaving little room for a back-to-back ridge in these
collisions.
© 2015 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/). Funded by SCOAP3 .

High transverse momentum (p T ) particle yield measured at the
Relativistic Heavy Ion Collider (RHIC) was found to be strongly suppressed in relativistic heavy-ion collisions compared to elementary
proton–proton collisions [1–4]. It was concluded that the strong
high-p T suppression was due to ﬁnal-state effects in the hot and
dense quark–gluon plasma created in those collisions [1–4]. Instrumental to this conclusion was the control experiment of proton–
nucleus, or deuteron–gold (d + Au) collisions as realized at RHIC,
that excluded cold nuclear effects as the possible primary cause
for the suppression [1–4]. The observations of the long-range pseudorapidity separation (η ) dihadron correlations at small relative
azimuth (φ ) in control experiments p + p and p + Pb [5–7] collisions at the Large Hadron Collider (LHC) were therefore surprising,
because the observed long-range correlations were similar to the
novel long-range correlation ﬁrst discovered in heavy-ion collisions
at RHIC [8–11], called the “ridge”. The heavy-ion ridge was primarily attributed to collective anisotropic ﬂow [12]. Collective ﬂow is
not normally expected for small collision systems where the dihadron correlations are dominated by jet correlations. To reduce or
remove jet contributions, dihadron correlation in low-multiplicity
collisions was subtracted from that in high-multiplicity collisions
in previous experiments [6,7,13]. Applying such a subtraction procedure revealed a back-to-back ridge at φ ∼ π , along with the
√
ridge at φ ∼ 0 in p + Pb at sNN = 5.02 TeV [6,7]. Using the
same subtraction technique, PHENIX also observed a (near- and
√
away-side) double ridge in d + Au collisions at sNN = 200 GeV
within |η| < 0.7 [13]. As observed in larger systems, the double
ridge is reminiscent of a non-jet elliptic ﬂow contribution [14,15].
Other physics mechanisms have however also been proposed, such
as the color glass condensate where two-gluon densities are enhanced at small φ over a wide range of η [16–18], or quantum
initial anisotropy from the space momentum uncertainty principle [19].
The difference in dihadron correlations between high- and lowmultiplicity events would be attributable to non-jet physics if jetlike correlations are identical in these two event classes. However,
since jet particle production contributes to the overall multiplicity,
the selection of high-multiplicity events may demand a relatively
large number of jet-correlated particles. In fact, such differences
have been observed previously by the STAR experiment in twoparticle correlations in p + p and various multiplicity d + Au collisions [20,21]. Most studies to date have attempted to remove/reduce the simple auto-correlations between jet production and enhanced multiplicity by selecting events via multiplicity measurements at large η from the jet. STAR, with its pseudorapidity and
azimuthal coverage larger than typical jet sizes, is well suited to

investigate the details of dihadron jetlike correlations and possible
effects from event selection.
The data reported here were taken during the d + Au run in
2003 by the STAR experiment [21,22]. The details of the STAR experiment can be found in Ref. [23]. Minimum-bias (MB) d + Au
events were triggered by coincidence of signals from the Zero
Degree Calorimeters (ZDC) |η| > 6.5 [24] and the Beam–Beam
Counters (BBC) [23]. Charged particle tracks were reconstructed
in the Time Projection Chamber (TPC) [25] and the forward TPC
(FTPC) [26]. The primary vertex was determined from reconstructed tracks in the TPC. In this analysis events were required
to have a primary vertex position | zvtx | < 50 cm from the center
of TPC. Particle tracks used in the correlation analysis were from
the TPC (|η| < 1), and required to have at least 25 out of the maximum possible of 45 hits and a distance of closest approach to the
primary vertex within 3 cm.
Two quantities were used to select d + Au events: the charged
particle multiplicity within −3.8 < η < −2.8 measured by the
FTPC in the Au-beam direction (FTPC-Au) [21,22] and the neutral
energy (attenuated ADC signal) measured by the ZDC in the Aubeam direction (ZDC-Au). These measures are referred to, in this
article, generally as “event activity.” While positive but weak correlations were observed between these measures, the same event
fraction percentage deﬁned by these measures, e.g. events with the
0–20% highest FTPC-Au multiplicities or ZDC-Au energies, correspond to signiﬁcantly different d + Au event samples.
The two particles in pairs used in dihadron correlations are
customarily called trigger and associated particle [3]. The trigger
particle is typically chosen at high p T and all other particles are
used as associated particles. In this analysis pair density distributions

1
d2 N
N trig dηdφ

are measured in relative azimuthal angle φ

and pseudorapidity distance η and are normalized by the number of trigger particles. The correlation data are corrected for the
associated particle tracking eﬃciency of 85% ± 5%(syst.) [21,22],
which does not vary from low to high event activity in d + Au
collisions. Here, high (low) event activity refers to event classes
selected by high (low) FTPC-Au multiplicities or ZDC-Au neutral
energies. The detector non-uniformity in φ and acceptance in
η is corrected by the event-mixing technique, where the trigger
particle from one event is paired with associated particles from
another event. To reduce statistical ﬂuctuations, each trigger particle is mixed with associated particles from ten other events. The
mixed events are required to be within 1 cm in zvtx , with the same
multiplicity (measured by FTPC-Au) or within similar zero-degree
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Table 1


Y
(η)2
Gaussian+pedestal √jetlike exp − 2σ 2 + C ﬁt results to near-side correlated yield
2π σ

densities in d + Au collisions. The percentiles indicate fractions of selected events,
40–100% being low-activity and 0–20% high-activity. First errors are statistical, and
second systematic (due to ZYAM). An additional 5% eﬃciency uncertainty applies to
Y jetlike and C .

χ 2 /ndf

σ (×10−3 )

Y jetlike (×10−4 )

C (×10−4 )

40–100%
20–40%

19/25
18/25

336 ± 7 ± 1
362 ± 8 ± 3

461 ± 11 ± 5
7
546 ± 15+
−14

0–20%

19/25

382 ± 10 ± 9

15
596 ± 19+
−11

19 ± 5 ± 9
20
24 ± 7+
−11

2
352 ± 7+
−6

501 ± 11 ± 1
580 ± 18 ± 17
568 ± 20 ± 17

Event selection
FTPC

ZDC

40–100%
20–40%
0–20%

19/25
26/25
17/25

372 ± 9 ± 7
376 ± 10 ± 3

70 ± 8 ± 12
14
22 ± 5+
−8
43 ± 8 ± 12
27
59 ± 9+
−14

neutral energy (measured by ZDC-Au). The mixed-event correlations are normalized to 100% at η = 0.
Dihadron correlations, after combinatorial background subtraction, are often used to study correlations originating from jets [3].
However, other correlations than jets are also present, such as resonance decays. The parts of the dihadron correlations used for the
jet study are therefore referred to as “jetlike” correlations in this
Letter. In order to obtain jetlike correlations in d + Au collisions,
a uniform combinatorial background is subtracted. The background
normalization is estimated by the Zero-Yield-At-Minimum (ZYAM)
assumption [8,27]. After the correlated yield distribution is folded
into the range of 0 < φ < π , ZYAM is taken as the lowest yield
average over a φ window of π /8 radian width. The ZYAM systematic uncertainty is estimated by the yields at the ZYAM φ
location averaged over ranges of width of π /16 and 3π /16 radians. We also ﬁt the φ correlations by two Gaussians (with
centroids ﬁxed at 0 and π ) plus a pedestal. The ﬁtted pedestal
is consistent with ZYAM within the statistical and systematic errors because the near- and away-side peaks are well separated in
d + Au collisions.
Fig. 1(a) and 1(b) show the correlated yield densities per radian per unit of pseudorapidity as a function of η for both the
near-side (|φ| < π /3) and away-side (|φ − π | < π /3) ranges
in (a) low and (b) high FTPC-Au multiplicity collisions. Both the
trigger and associated particle p T ranges are 1 < p T < 3 GeV/c.
The ZYAM background estimate is done for individual η bins
separately. The statistical errors of the data points include pointto-point statistical errors from the ZYAM values, since each η
bin has its own ZYAM value. The near-side yields exhibit Gaussian
peaks and the away-side yields are approximately

 uniform in η .
Y

2

(η)
A Gaussian+pedestal function √jetlike exp − 2σ 2 + C ﬁts to the
2π σ
near-side data are superimposed in Fig. 1(a, b) as solid curves, and
the ﬁt parameters are listed in Table 1. The Gaussian area Y jetlike
measures the near-side jetlike correlated yield per radian. The ﬁts
high

low
indicate a ratio α = Y jetlike /Y jetlike
= 1.29 ± 0.05(stat.) ± 0.02(syst.)
of jetlike yields in high to low FTPC-Au multiplicity collisions.
For ZDC-Au event selection, the jetlike ratio parameter is α =
1.13 ± 0.05(stat.) ± 0.03(syst.). The α parameter for events selected by FTPC-Au multiplicity is further from unity compared to α
for events selected by ZDC-Au energy. The ratios of the away-side
correlated yields are 1.32 ± 0.02(stat.) ± 0.01(syst.) for FTPC-Au
multiplicity and 1.22 ± 0.02(stat.) ± 0.01(syst.) for ZDC-Au energy
selected events respectively. The correlated yield ratios are similar
(within 2 standard deviations) between the near and away side,
consistent with back-to-back jet correlations. In addition, the nearside Gaussian peak is wider in high- than in low-activity collisions.
A similar broadening of jetlike peak was previously observed in
d + Au collisions compared with that in p + p collisions [21].
In previous studies, dihadron correlations in low-multiplicity
events are subtracted from high-multiplicity events. The residual

correlation is often attributed to non-jet origins assuming jetlike
correlations are equal in high- and low-multiplicity collisions [13].
The differences between high and low FTPC-Au multiplicity events
from our data are shown in Fig. 1(c). A constant ﬁt to the nearand away-side difference gives a χ 2 /ndf = 50/9 and 6.4/9, respectively, while a Gaussian ﬁt to the near side gives χ 2 /ndf = 2.3/8.
These differences resemble jetlike correlation features, consistent
with a Gaussian peak on the near side and a uniform distribution on the away side. They therefore suggest that the difference is
likely of jetlike origin.
As a ﬁrst attempt to “address” the jetlike correlated yield difference, the jetlike ratio parameter α is applied as a scaling factor to
the low-activity data before it is subtracted from the high-activity
data. This procedure assumes that the away-side correlated yield
scales with the near-side one, which is based on momentum conservation arguments. The resulting subtracted data are shown in
Fig. 1(d). The shape of the near-side difference is the result of subtracting a narrow Gaussian from a wide one of equal area offset
by a pedestal. On the away side, once the low-activity data are
scaled up, the correlated yields are consistent between high- and
low-activity collisions as shown by the open circles in Fig. 1(d).
This suggests that the away-side difference between high- and
low-activity events may be primarily due to a difference in jetlike
correlations.
As seen in Table 1, the ﬁt pedestal values of C also shows dependence on event activity. Finite correlated yields above ZYAM
exist on the near side at large η , where the near-side jet contribution should be minimal. This large η correlation data will be
studied elsewhere [28].
To investigate further the inﬂuence of event selection on jetlike
correlations, Fig. 2(a) shows Y jetlike as a function of the event activity, represented by the uncorrected charged hadron multiplicity
dN /dη at midrapidity, in events selected according to the FTPCAu multiplicity (solid squares) and ZDC-Au neutral energy (open
squares), respectively. Five event samples are selected by each
measure, corresponding to 60–100%, 40–60%, 20–40%, 10–20%,
and 0–10% events. The systematic uncertainties are obtained from
Gaussian ﬁts to the η correlations, as in Fig. 1, varied by the
ZYAM systematic uncertainties. Fig. 2(a) shows that the nearside jetlike correlated yield has a smooth linear dependence on
event activity. Qualitatively similar behavior is also observed at
the LHC [29]. Such a dependence is not observed in the HIJING
[30] simulation of d + Au collisions at RHIC as illustrated by the
curve in Fig. 2(a). The HIJING calculations are scaled down such
that the lowest multiplicity bin matches the real data. The multiplicity dependence of the jetlike yield is clearly different for the
HIJING simulations.
The jetlike ratio α parameter can quantify the effect of the
event selection on jetlike correlations. Fig. 2(b) shows the p T dependence of the α parameter. The systematic uncertainties are
given by ZYAM uncertainties as in Fig. 2(a). Two sets of data
points are shown: one (solid circles) has the trigger p T ﬁxed
(t )
to 0.5 < p T < 1 GeV/c and shows the α parameter as a func(a)

tion of the associated particle p T

with bin of 0.5 GeV/c. This
(t )

trigger p T range is similar to 0.5 < p T < 0.75 GeV/c used by
PHENIX [13]. The α parameter is larger than unity and relatively
(a)
(t )
insensitive to p T for this particular p T choice. The other set of

α as function of p (Tt ) with a ﬁxed p (Ta)
< 1 GeV/c. In this case the α parameter decreases

points (solid triangles) shows
(a)

of 0.5 < p T
(t )

with p T .
There could be multiple reasons for the event-selection effects
on jetlike correlations. One could be a simple selection bias due to
auto-correlation: if the away-side jet contributes to the total FTPCAu multiplicity, high FTPC-Au multiplicity events would preferen-
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Fig. 1. The dihadron correlated yield normalized per radian per unit of pseudorapidity as function of η in d + Au collisions on the near (|φ| < π /3, solid circles) and away
side (|φ − π | < π /3, open circles). Shown are the (a) low and (b) high FTPC-Au activity data, and the high-activity data after subtracting the (c) unscaled and (d) scaled
low-activity data. Trigger and associated particles have 1 < p T < 3 GeV/c and |η| < 1. The Gaussian+pedestal ﬁt to the near side is superimposed as the solid curves. Error
bars are statistical and boxes indicate the systematic uncertainties.

Fig. 2. (a) The near-side jetlike correlated yield obtained from Gaussian ﬁt as in
Fig. 1 as function of the uncorrected dN /dη at midrapidity measured in the TPC.
Two event selections are used: FTPC-Au multiplicity (ﬁlled squares) and ZDC-Au energy (open squares). The curve is the result from a HIJING calculation. (b) The ratio
of the correlated yields in high over low FTPC-Au multiplicity events as a function
(a)
(t )
(t )
(a)
of p T (p T ) where p T (p T ) is ﬁxed. Error bars are statistical and caps show the
systematic uncertainties.

tially select jets either of larger energy or happening to fragment
into more particles. However, such an auto-correlation bias is not
observed in the HIJING model implementation as clearly shown in
Fig. 2(a). Event-activity dependent sampling of jet energies could
also be caused by other physics origins; for example, there could
be positive correlations between particle production from jets and

from underlying events. The dependence of jetlike correlations at
midrapidity on forward event activity could be driven by such
mechanisms as initial-state k T effects or ﬁnal-state jet modiﬁcations by possible medium formation [3,4] in the small d + Au
collision system.
The PHENIX experiment reported a double-ridge difference in
the dihadron φ correlations between high- and low-activity
events in the acceptance range 0.48 < |η| < 0.7 with event activity deﬁned by total charge in the BBC at −3.9 < η < −3 [13].
Fig. 3(a) shows the STAR data analyzed in a similar acceptance of
0.5 < |η| < 0.7 for high and low-activity events deﬁned by the
FTPC-Au which has similar η coverage as PHENIX’s BBC. The systematic uncertainties shown by the histograms are the quadratic
sum of those due to eﬃciency and ZYAM, as well as the ZYAM statistical error, because it is common for all φ bins. The correlated
yields are larger in high- than in low-activity collisions on both
the near and away side as previously discussed. The difference of
the raw associated yield (i.e. no ZYAM subtraction) in high-activity
events minus the jetlike correlated yield (i.e. with ZYAM subtraction) in low-activity events is shown in Fig. 3(b) by the open
points. The systematic uncertainties are the quadratic sum of the
statistical and systematic uncertainties on ZYAM of the low-activity
data. The additional 5% eﬃciency uncertainty is not shown because it is an overall scale not affecting the shape of the dihadron
correlation, therefore not affecting the physics conclusions. Backto-back double ridges are apparent and are qualitatively consistent with the PHENIX observation [13]. However, the double-ridge
structure is largely due to the residual jetlike correlation difference as demonstrated by our data above. Interpreting the double
ridges as solely due to non-jet contributions in high-activity data
is therefore premature.
Again, to account for the jetlike correlation difference, one may
multiply the ZYAM-subtracted low-activity data by the jetlike ratio α parameter before subtraction. Fig. 3(b) shows, as the solid
points, the raw associated particle yield (i.e. no ZYAM subtraction) in the high FTPC-Au multiplicity data after subtracting the
α -scaled jetlike correlated yield (i.e. with ZYAM subtraction) in
the low-multiplicity data. The systematic uncertainties include the
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in high- than in low-activity collisions and the η -dependence of
the observed yield difference resembles jetlike features, suggesting
a jetlike origin. There could be multiple reasons for the difference,
ranging from simple auto-correlation biases to physical differences
between high- and low-activity d + Au collisions. The away-side
correlation difference is signiﬁcantly diminished after scaling the
low-activity data by the ratio of the near-side jetlike correlated
yields. Our data demonstrate that the dihadron correlation difference between high- and low-activity events at RHIC is primarily
due to jets. In d + Au collisions at RHIC such event-selection effects on jetlike correlations must be addressed before investigating
possible non-jet correlations such as anisotropic ﬂow.
Acknowledgements

Fig. 3. (a) The dihadron correlated yield normalized per radian per unit of pseudorapidity as a function of φ in d + Au collisions at low (40–100%, open circles) and
high (0–20%, closed circles) FTPC-Au multiplicities. Trigger and associated particles
are 1 < p T < 3 GeV/c within 0.5 < |η| < 0.7. ZYAM positions are indicated with
arrows. (b) The raw associated yield at high FTPC-Au multiplicity minus the unscaled (open circles) and scaled (closed circles) ZYAM-subtracted correlated yields
at low FTPC-Au multiplicity versus φ . Error bars are statistical and boxes indicate
the systematic uncertainties.

propagated total error from ZYAM as well as the ﬁt error on α . The
near-side difference is non-zero above the underlying event baseline for the η range used. This is because this simple α scaling
does not account for the observed broadening of the near-side jetlike peak from low- to high-activity collisions, although the jetlike
yield difference has been taken care of. This causes a signiﬁcantly
larger difference in the intermediate range of 0.5 < |η| < 0.7.
When η range closer to zero is used, e.g. |η| < 0.3, the jetlike difference is dipped (below the baseline) on the near side
after α scaling. This is shown by the negative solid data points
at η ∼ 0 in Fig. 1(d). Barring from the difference caused by
the broadening, there is a ﬁnite pedestal value from the near-side
Gaussian+pedestal ﬁt that increases with event activity as aforementioned. This pedestal difference remains in the near-side peak
in Fig. 3(b).
After the jetlike contribution is removed by the scaled subtraction, the away-side difference is signiﬁcantly diminished. The
results are similar using the ZDC-Au event activity. This suggests
that any possible contribution from non-jetlike long-range correlations, such as the back-to-back ridge, is small. Although it does a
better job of removing jetlike contributions than a simple subtraction of low-activity from high-activity data, the scaled subtraction
may not completely remove the jetlike contributions. This is so for
two reasons. One, the away-side jetlike yield in a given p T range
may not strictly scale with the near-side one between high- and
low-activity collisions, depending on the details of dijet production
and fragmentation. Two, the jetlike correlation shapes, being different on the near side, can also be different on the away side,
e.g. due to increasing k T broadening (or acoplanarity) with event
activity.
In summary, dihadron correlations are measured at midrapidity using the STAR TPC as function of the forward rapidity event
√
activity in d + Au collisions at
sNN = 200 GeV. The event activity is classiﬁed by the measured FTPC-Au forward charged particle multiplicity or the ZDC-Au zero-degree neutral energy. The
correlated yields are extracted by subtracting the estimated background using ZYAM. It is found that the correlated yield is larger
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